In vitro models of the human central nervous system (CNS), particularly those derived from induced pluripotent stem cells (iPSCs), are becoming increasingly recognized as useful complements to animal models for studying neurological diseases and developing therapeutic strategies. However, current 3D CNS models suffer from deficits that limit their research utility. Notably, it remains difficult to drive iPSC-derived neurons to a mature and synaptically connected state. Moreover, the most common extracellular matrices (ECMs) used to fabricate 3D CNS models are either difficult to pattern into complex structures due to their mechanical properties or lack appropriate bioinstructive cues. Here, we describe the functionalization of gelatin methacrylate (GelMA) with an N-cadherin extracellular peptide epitope to create a biomaterial termed GelMA-Cad. After photopolymerization, GelMA-Cad forms soft hydrogels that can maintain patterned architectures. The N-cadherin functionality promotes survival and maturation of iPSC-derived glutamatergic neurons into synaptically connected networks as determined by viral tracing and electrophysiology. Immunostaining reveals a pronounced increase in presynaptic and postsynaptic marker expression in GelMA-Cad relative to Matrigel, as well as extensive co-localization of these markers, thus highlighting the biological activity of the N-cadherin peptide. Overall, given its ability to enhance iPSC-derived neuron maturity and connectivity, GelMA-Cad should be broadly useful for in vitro studies of neural circuitry in health and disease.
Introduction
Neurodegenerative diseases are estimated to affect 30 million people worldwide [1] . Aging is the number one risk factor for neurodegeneration, and disease incidence is expected to increase concurrently with an increasingly aged population worldwide. These diseases (e.g. Alzheimer's disease, Parkinson's disease, Huntington's disease, Amyotrophic Lateral Sclerosis and Multiple Sclerosis) all have different region-specific presentation and modes of cell-cell communication, making it difficult to understand the mechanisms underlying their onset and propagation and thereby hampering development of effective treatments. As an example, clinical trials for Alzheimer's disease have had a high failure rate since 2010 [2] and currently available drugs can alleviate symptoms but do not reverse neural tissue damage. These failures occur despite many candidate therapeutics having efficacy in various mouse models. As such, there has been a growing interest in developing human in vitro models for studying neurodegeneration [3] [4] [5] and reducing the attrition rate in therapeutic development.
Recent advancements in 3D neural tissue models, particularly those constructed from human pluripotent stem cell (hPSC)-derived progenies (including human embryonic stem cells and induced pluripotent stem cells (iPSCs)), have generated much excitement for their ability to mimic the structure and function of human brain regions. Such models typically consist of neurons and varying mixtures of supporting cells (e.g. glia and vascular components) embedded in a hydrogel formed from extracellular matrix (ECM) components. Currently, a wide variety of ECMs are available for constructing neural tissues.
Historically, the majority of early neural tissue models have utilized Matrigel, an ECM composite derived from Engelbreth-Holm-Swarm mouse sarcoma tumors that consists of many proteins (type IV collagen, laminin) and growth factors [6] . For example, 3D Matrigel scaffolds has been used to support differentiation of mouse embryonic stem cells to neural cells [7] . Matrigel is also the sole ECM utilized for more recently developed hPSC-derived brain organoids [8, 9] , where the ECM scaffold supports the self-organization of the neuroepithelium to induce neuroepithelial buds and facilitates growth by providing a physical structure for cells to attach to and grow [10] . Other natural and synthetic materials have been developed for extended culture of hPSC-derived neural progenitor cells (NPCs) and neurons, including silk, collagen, hyaluronic acid (HA), elastin-like peptides, and polyethylene glycol (PEG) [5, [11] [12] [13] [14] [15] . As these materials all allow for diffusion of essential nutrients and morphogens throughout the tissue constructs, they can be used to maintain NPCs and neuronal cultures for extended studies of differentiation and maturation, including axon formation, growth, and pruning [12, 16, 17] . Additionally, these platforms have demonstrated utility for assessing disease phenotypes when the hPSCs are sourced from patients that harbor genetic risk factors for each disorder [11, 13] .
Despite progress towards fabricating complex neural tissue structures from hPSCs, existing ECMs have many shortcomings for practical neural cell culture. One limitation of existing ECM platforms is the lack of appropriate bioinstructive cues to promote cell-cell or cell-ECM interactions that facilitate neuronal maturation. Of the aforementioned materials, only Matrigel (e.g. laminin) and HA have physiological relevance to brain ECM; HA in particular has been shown to support hPSC-derived NPC maturation into neurons that exhibit enhanced neurite projection with synaptic vesicles and electrophysiological activity [13] . However, Matrigel and HA are difficult to handle due to their viscosity, and both materials have a very low elastic modulus, meaning they collapse under their own weight and cannot be molded into more complex structures. These factors limit the fabrication of topographic features, such as vasculature or perfusion channels. Synthetic hydrogels may overcome these issues by incorporating custom functional groups that enable tuning of mechanical and rheological properties, but they can be prohibitively difficult to fabricate and require extensive chemical modification to recapitulate tissue-specific biochemical cell-ECM interactions. Moreover, the majority of natural and synthetic ECMs are relatively expensive, which can further limit their widespread use.
Herein, we focused on engineering an ECM material to overcome some of these challenges. Our goal was to produce a material that would: (1) facilitate neuron survival and maturation within 3D tissue constructs through biophysical cues, (2) exhibit ideal mechanical properties to promote neuron outgrowth while also supporting micropatterned features, and (3) be relatively easy to synthesize, low cost, and therefore widely accessible. We ultimately produced a biomaterial termed GelMA-Cad, which consists of methacrylated gelatin (GelMA, a well-characterized biomaterial capable of being photopatterned [18] [19] [20] ) conjugated with a peptide from an extracellular epitope of N-cadherin. Using this bioinstructive material, we form hydrogels with physiological stiffness that can not only maintain photopatterned features, but additionally facilitate iPSC-derived glutamatergic neuron survival and extension of neurite processes (as compared to GelMA, Matrigel, and various other negative controls). Moreover, relative to Matrigel, GelMA-Cad supports enhanced formation of synaptically connected neural networks, as measured by immunocytochemistry, electrophysiology, and viral synaptic tracing. Overall, we suggest that GelMA-Cad will aid the construction of 3D neural tissue models to study human disease biology and augment drug screening assays.
Materials and methods
Cell culture CC3 iPSCs [21] were maintained in E8 medium on standard tissue culture plastic plates coated with growth-factor reduced Matrigel (VWR). At 60-70% confluency, the cells were passaged using Versene (Thermo Fisher) as previously described [22] . Cortical glutamateric neurons were generated using a previously described protocol [23] with some modifications. iPSCs were washed once with PBS and dissociated from the plates by incubation with Accutase (Thermo Fisher) for 3 minutes. After collection by centrifugation, cells were re-plated onto Matrigel-coated plates at a density of 2.5x10 5 cells/cm 2 in E8 medium containing 10 µM Y27632 (Tocris). The following day, the medium was switched to E6 medium [22] supplemented with 10 µM SB431542 (Tocris) and 0.4 µM LDN1931189 (Tocris) for 5 days to induce neuralization as previously described [24] . Over the next 5 days, the media was gradually transitioned from E6 medium to N2 Medium (DMEM/F12 basal medium (Thermo Fisher) containing 1X N2 supplement (Gibco), 10 µM SB431542, and 0.4 µM LDN193189) [24] . On the 11th day of the differentiation, the resultant Neurons were used for experiments between days 70-100 of differentiation.
For the synaptic tracing experiments described below, a small population of neurons was also transduced with an adeno-associated virus (AAV) encoding EGFP under the control of the human synapsin promoter, which was a gift from Dr. Bryan Roth (Addgene plasmid #50465). Two weeks before the neurons were used, the cells were dissociated with Accutase and re-plated onto Matrigel-coated plates at a density of 2.5x10 5 cells/cm 2 in Neural Maintenance Media containing 10 µM Y27632. The following day, the media was replaced, and the AAV was added at a MOI of 5,000. Fresh media was added to the cells after 24 hours in order to remove any residual virus and normal media changes were resumed thereafter.
GelMA synthesis and characterization
Methacrylated gelatin (GelMA) was synthesized as described previously [25] . Type A porcine skin gelatin (Sigma) was mixed at 10% (w/v) into DI water (sourced from an in-house Continental Modulab ModuPure reagent grade water system) at 60°C and stirred until fully dissolved. Methacrylic acid (MA) (Sigma) was slowly added to the gelatin solution and stirred at 50°C for 3 hours. The solution was then centrifuged at 3,500xg for 3 minutes and the supernatant was collected. Following a 5X dilution with additional warm (40°C) UltraPure water (Thermo Fisher) to stop the reaction, the mixture was dialyzed against DI water for 1 week at 37°C using 12-14 kDa cutoff dialysis tubing (Fisher) to remove salts and MA. The pH of the solution was then adjusted to 7.35-7.45 by adding HCl or NaOH as measured with a Thermo Fisher Scientific Orion Star pH meter. The resulting GelMA solution was lyophilized for 3 days using a Labconco lyophilizer and stored at −20°C.
Peptide conjugation and characterization
Peptides were conjugated to GelMA as previously reported [26] with slight modifications. Briefly, GelMA was reconstituted in triethanolamine (TEOA) buffer (Sigma) to create a 10% w/v solution and stirred at 37°C for 2 hours until fully dissolved. The pH of the solution was then adjusted to 8.0-8.5 using HCl or NaOH. Scrambled (Ac-AGVGDHIGC, to make GelMA-Scram) or N-Cadherin mimic (Ac-HAVDIGGGC, to make GelMA-Cad) peptides (GenScript) were added to the GelMA/TEOA buffer to form a 1% w/v solution. The cystine residue at the C-terminal end of the peptides permitted a Michael-type addition reaction with GelMA [26] . The solution was stirred at 37°C for 24 hours and then dialyzed against DI water using 6-8 kDa cutoff dialysis tubing (Spectrum) for 1 week at 37°C. The pH of the solution was then adjusted to 7.35-7.45 using HCl or NaOH, and the solution was lyophilized and stored at -20°C. Conjugation was routinely verified through 1 H-NMR using a Bruker 500 Hz NMR spectrometer set to 37°C for the presence of the amino acid valine.
Fourier-transform infrared spectroscopy
198 mg of potassium bromide (Sigma) was added to 2 mg of lyophilized gelatin, GelMA, GelMA-Cad, or GelMA-Scram and crushed using a mortar and pestle. The crushed samples were transferred to a 13 mm Specac evacuable pellet press die and compressed into a thin disc using a Specac manual hydraulic press. An additional disc was made using only potassium bromide for calibration. Samples were stored in a dry container overnight and analyzed the following day using a Bruker Tensor 27.
Atomic force microscopy
GelMA, GelMA-Scram, and GelMA-Cad were reconstituted and polymerized into hydrogel discs as described in the cell seeding section below. A Bruker Dimension Icon Atomic Force Microscope was used to measure hydrogel stiffness. 0.01 N/m Novascan probes containing a 4.5 µm polystyrene bead (PT.PS.SN.4.5.CAL) were used to measure three distinct 5x5 µm areas of each hydrogel. Three hydrogel disc replicates of each sample were included for a total of 576 stiffness measurements per sample. For each individual force curve, a first order baseline correction was performed, and the Hertzian model was used to calculate Young's modulus. For tool calibration, polyacrylamide hydrogels were prepared as previously reported [27] and measured prior to GelMA and its derivatives.
Scanning electron microscopy
Lyophilized GelMA, GelMA-Cad, and GelMA-Scram were reconstituted in PBS to form 10% (w/v) solutions with 0.05% LAP initiator (Sigma). 30 µL of each hydrogel solution was added to a Ted Pella pin mount and crosslinked by an 8 second exposure to a 25 mW/cm 2 UV light using a ThorLabs UV Curing LED System. These pin mounts were stored in a Ted Pella mount storage tube and then placed in a -80°C freezer overnight. The following day, the samples were transferred to a Labconco lyophilizer for an additional 2 days and then stored at room temperature until used. To characterize the internal microscructures of GelMA, GelMA-Cad and GelMA-Scram, the dried samples were observed using a scanning electron microscope (Zeiss Merlin) at an accelerating voltage of 2 kV. ImageJ software was used to quantify pore sizes, where the mean diameter of each pore was considered the average pore size.
Fabrication and seeding of hydrogel scaffolds
GelMA, GelMA-Scram and GelMA-Cad were reconstituted in Neuron Maintenance Media to make a 10% (w/v) solution with 0.05% LAP initiator. iPSC-derived neurons were detached from 12-well plates via a 5 minute incubation with Accutase and centrifuged for collection. Unless otherwise stated, neurons were mixed with reconstituted hydrogel/initiator solution to achieve a density of 2x10 5 cells/mL. For some experiments, GelMA was mixed with soluble peptide rather than via covalent coupling; here, soluble peptides were reconstituted in DMSO to create a 10 mg/mL solution, and then the peptides were added to the GelMA/initiator/neuron solution to achieve a 50 µg/mL peptide concentration. Once the solutions were prepared, they were mixed thoroughly with a P1000 pipette to break up any cell clumps. Next, 100 µL of the cell suspension was added to RainX-treated glass slides and covered with 12 mm diameter coverslips (Carolina) to form discs. These discs were then exposed to 25 mW/cm 2 UV light for 8 seconds and set aside for 10 minutes at room temperature. Hydrogel discs were then removed from the glass slides and transferred to a 12-well plate with 1 mL of Neural Maintenance Media per well.
To embed neurons in Matrigel, 1 mL Matrigel aliquots were thawed on ice. Once thawed, the neurons were embedded at the same cell density as described above, and 100 µl of the solution was added directly onto the coverslips in a 12-well plate. The plate containing the Matrigel discs was placed in an incubator at 37°C to crosslink for 30 minutes. After the Matrigel was fully crosslinked, 1 mL of Neural Maintenance Media was added to each of the wells. For all conditions, media was replaced twice a week until cells were used.
Live/dead cell imaging
To assess long term cell viability, hydrogel discs were incubated with CytoCalcein™ Violet 450 (AAT Bioquest) and propidium iodide (PI, Thermo Fisher) for one hour. The hydrogel discs were imaged using a Zeiss 710 confocal microscope and cell viability was quantified using ImageJ. Following imaging, 1 mL of Neural Maintenance Media was added to each well in order to dilute any remaining Calcein/PI from the hydrogels.
Neurite projection quantification
Raw data were exported in 16-bit TIF format and imported into Matlab 2017 for quantification using a custom image analysis script. Briefly, images were smoothed using a 3x3 pixel smoothing filter to mitigate image noise, and in-focus neurite segments were identified by isolating regions at least 5% brighter than the mean pixel intensity in the surrounding 50-pixel radius [28] . Cell bodies and neurites were distinguished by successive erosion of the resulting binary mass. The erosion radius at which the total cell mass declined most steeply was used to define the radius required to erode neurites while sparing cell bodies. Following segmentation of neurites and cell bodies, algorithms previously developed for analysis of mitochondrial networks [29] were used to measure the average length and width of each neurite segment.
Synaptic tracing
Hydrogel discs were fabricated as described above. Prior to crosslinking (of GelMA-Cad) or gelation (of Matrigel), neurons transduced with synapsin-driven EGFP were dissociated from plates via a 5 minute incubation with Accutase and then added to the center of the hydrogel disc at a density of 2x10 3 cells/mL (as shown in Figure 6 ). After crosslinking or gelation, the hydrogel discs were placed in 1 mL of Neural Maintenance Media and stored in an incubator at 37°C until imaged. For all conditions, the media was replaced twice a week. The formation of synaptic connections was visualized by the spread of EGFP fluorescence across each hydrogel using a Zeiss LSM 710 confocal microscope.
Immunofluorescence
After 2 weeks of culture, neurons embedded in hydrogels were fixed in 4% PFA (Sigma) for 20 minutes and then washed 3 times with PBS. A solution of 5% goat serum and 0.03% Triton X-100 (Thermo Fisher) was then added to the hydrogels overnight on a rocking platform at room temperature. The hydrogels were then incubated overnight with DAPI and a combination of the following fluorescently 
Results

Synthesis and characterization of GelMA functionalized with N-cadherin peptide
GelMA was chosen as a base material due to its ease of handling and robust mechanical properties (after crosslinking) compared to ECMs such as Matrigel and HA. Meanwhile, N-cadherin functionality was chosen for the role of this cell adhesion molecule in neurite growth during neurogenesis [30] [31] [32] [33] [34] [35] . The extracellular peptide epitope of N-cadherin chosen for this study has previously been used to functionalize methacrylated HA in order to support chondrogenesis from mesenchymal stem cells [26] , but 3D scaffolds fabricated with this peptide have not been used to support neural cultures. To generate the GelMA-Cad scaffold, porcine gelatin was first functionalized with methacrylic anhydride in order to create the GelMA backbone that could be crosslinked when exposed to the photoinitiator LAP and UV light (Figure 1) [36] .
This modification was confirmed through the presence of methacrylic side chain protons (~5.45 and 5.7 ppm) using 1 H-NMR (Figure 2B) . GelMA was then functionalized with the extracellular epitope of N-cadherin (HAVDIGGGC) or an N-cadherin-scrambled peptide (AGVGDHIGC), which is referred to as GelMA-Scram. The conjugation of these peptides to the scaffold was also confirmed via 1 H NMR through the presence of valine protons (~3.5 ppm), which are not present in the gelatin or GelMA spectra (Figure 2B) .
Additionally, Fourier-transform infrared spectroscopy (FTIR) was employed to further validate successful functionalization. The FTIR transmittance spectra showed a noticeable decrease in PO4 peaks (1000cm -1 ) and amide peaks I, II, III (1640, 1540, and 1250 cm -1 , respectively) in GelMA-Cad and GelMA-Scram samples compared to GelMA (Figure 2C) , likely due to peptide conjugation. Collectively, these data suggest GelMA was properly synthesized and functionalized.
Mechanical and physical properties of crosslinked hydrogels
In order to determine the stiffness of GelMA, GelMA-Cad, and GelMA-Scram, atomic force microscopy (AFM) was performed. 0.8 kPa and 13 kPa polyacrylamide hydrogels were produced and measured by AFM [27] to validate that the tool was properly calibrated (Figure 2D) . After crosslinking with LAP and UV light, GelMA, GelMA-Cad, and GelMA-Scram exhibited stiffness values of approximately 1-5 kPa (Figure 2D) , which resembles the stiffness of native brain tissue [37] . Despite its relatively low elastic modulus, GelMA-Cad is stiff enough to maintain patterned architectures: when it was crosslinked around silicone tubing, followed by manual extraction of the tubing, a straight, a perfusable channel remained in the GelMA-Cad (Supplemental Figure 1A) , whereas Matrigel collapses and the perfusion channel does not remain patent (Supplemental Figure 1B) . Thus, similar to GelMA [36, 38] , GelMA-Cad can be patterned into more complex structures.
The microstructure of the hydrogels was characterized by scanning electron microscopy (SEM).
Porous network structures are commonly observed in hydrogels and are important for nutrient diffusion, cell integration and removal of waste products, and the degree of chemical substitution has an inverse relation to pore size upon crosslinking [39, 40] . The average pore size diameter of GelMA, GelMA-Cad, and GelMA-Scram were measured at 42.8 ± 0.2, 43.1 ± 0.2, and 42.4 ± 0.2 µm, respectively (Figure 2A) . These measurements confirm that the hydrogels all have similar physical and mechanical properties, such that differences in neuron behavior can likely be attributed to bioinstructive cues.
GelMA-Cad hydrogels support survival and outgrowth of iPSC-derived neurons
To assess the ability of hydrogels to support human neuron survival and outgrowth, human iPSCs were differentiated into cortical glutamatergic neurons and cultured for 70-100 days before use. These neurons were then dissociated into single-cell suspensions and embedded into Matrigel, GelMA-Cad, GelMA-Scram, or GelMA. As a negative control for physical conjugation of peptides to the hydrogels, neurons were also embedded in GelMA with either soluble N-cadherin peptide or soluble scrambled peptide. Using calcein and propidium iodide dyes to mark live and dead cells, respectively, we determined that neurons embedded in GelMA and GelMA-Scram (both conjugated and soluble peptide), as well as Matrigel with the soluble peptide, died within 4 days (Figure 3A, Figure 3B, and Supplemental Figure 2) .
Meanwhile, neurons in conjugated GelMA-Cad and Matrigel exhibited viability of 90.2 ± 1.3% and 86.3 ± 2.2% after 2 days, respectively. After 3 days, neurons in conjugated GelMA-Cad exhibited viability of 96.7 ± 1.2% while viability in Matrigel decreased slightly to 80 ± 1.3%. After 5 days, viability remained relatively constant (96.7 ± 1.1% in conjugated GelMA-Cad versus 82.3 ± 1.9% in Matrigel). By day 10, viability in conjugated GelMA-Cad continued to remain constant at 96.7 ± 1.6% whereas viability in Matrigel again decreased slightly to 76.7 ± 0.8%. Next, we monitored neurite projections from neurons embedded in either Matrigel or conjugated GelMA-Cad (referred to solely as GelMA-Cad from hereon) after 5 and 10 days using calcein. Neurite length and width are frequently employed as measures of neuron health and connectivity [41] [42] [43] [44] , and so we quantified Z-stack images of neurites using a custom Matlab script ( Figure   4A-H) . On day 5, relative to Matrigel, neurons embedded in GelMA-Cad exhibited significantly higher average neurite length (28.9 ± 1.6 µm vs 14.1 ± 2.6 µm; p<0.05), whereas average neurite width was not significantly different between GelMA-Cad and Matrigel (4.0 ± 0.2 µm vs 3.7 ± 0.2 µm) (Figure 4I-J) .
However, on day 10, relative to Matrigel, neurons in GelMA-Cad exhibited significantly higher average neurite length (67.2 ± 3.2 µm vs 35.3 ± 7.1 µm; p<0.05) and average neurite width (6.8 ± 0.2 µm vs 3.9 ± 0.2 µm; p<0.05) (Figure 4I-J) . These results demonstrate GelMA-Cad is an effective hydrogel for enhancing survival and maturation of human iPSC-derived neurons by morphometric parameters.
iPSC-derived neurons form synaptically connected networks in GelMA-Cad hydrogels
The increased length and diameter of neurons in GelMA-Cad suggests improved functional properties, which we sought to validate with additional metrics including immunostaining, electrophysiological recordings, and viral synaptic tracing. First, we fixed and immunostained embedded neurons for synaptophysin (a presynaptic terminal marker) and PSD-95 (a postsynaptic terminal marker).
Neurons embedded in GelMA-Cad expressed both markers 21 days after embedding (average of 492 synaptophysin puncta and 423 PSD-95 puncta per 75 µm 3 ), and there was an average of 87.3 ± 1.3% colocalization, which indicates the formation of an active synapse (Figure 5A) . Neurons embedded in Matrigel had substantially lower expression of synaptophysin and PSD-95 (average of 82 puncta and 28 puncta per 75 µm 3 , respectively), with only 13.3 ± 3.3% colocalization of the presynaptic and postsynaptic markers (Figure 5A) , indicating a substantially lower number of prospective synapses. Next, to assess synaptic connectivity, we measured electrical activity of the embedded neurons through patch clamping.
Action potentials were readily measured within neurons embedded in GelMA-Cad (Figure 5B, red line) , but only minimal activity was observed in Matrigel-embedded neurons (Figure 5B, black line) , thus providing evidence that the N-cadherin peptide improves functional maturity.
Last, to assess widespread neural network formation, we conducted synaptic tracing experiments by transducing iPSC-derived neurons with an adeno-associated virus (AAV) encoding EGFP under the control of human synapsin promoter (where synapsin is a presynaptic terminal marker). Wild-type neurons were mixed with hydrogel precursor, and prior to crosslinking the hydrogels, a small population of AAV-transduced neurons (1:100 ratio of transduced to non-transduced neurons) were injected into the center (Figure 6) . The spread of the EGFP signal could thus be monitored over time to elucidate the degree of neural network formation across the hydrogel. Limited EGFP spread was observed after 7 days in both hydrogels, which is consistent with Figure 4 demonstrating that neurite length and width are still increasing at this early time point. However, after 21 days, EGFP had propagated to virtually every neuron within the GelMA-Cad hydrogels, whereas sparse EGFP spread was observed in Matrigel (Figure 6) . Calcein dye was added to each hydrogel to show that the neurons in Matrigel were alive but not synaptically connected. Therefore, only neurons in the GelMA-Cad hydrogels were able to propagate the virus through functional synapses across the entire tissue construct. Overall, these data strongly suggest that GelMA-Cad facilitates the maturation of iPSC-derived neurons on a functional level.
Discussion
In native tissues, cells are surrounded by a complex ECM that presents both physical and biochemical cues for tissue development, migration and proliferation. In the brain, neurons are encased in a soft ECM comprised of various proteins and glycosaminoglycans (GAGs). Many natural and synthetic ECMs, as described earlier, have been used to support 3D in vitro cultures of neural cells. Several of these studies have focused on the effect of ECM stiffness and composition on the differentiation of NPCs to terminally differentiated progenies, but relatively fewer have examined functional maturation and integration of neurons, particularly those derived from hPSCs. hPSC-derived neurons are notoriously difficult to mature in 2D without extended culture times or co-culture with astrocytes, though more success has been observed in 3D assembly. In particular, hydrogels comprised of methacrylated HA can facilitate the maturation of iPSC-derived neurons to an electrophysiologically active state, which is perhaps unsurprising given that HA is the most abundant GAG in brain tissue. Yet, as mentioned previously, HA has limitations that make it less attractive for either large-scale work or applications requiring patterned structures.
Our approach to these challenges was to use a relatively simple ECM material and append it with a biophysical cue to mimic cell-cell communication in the developing and adult brain. N-cadherin was chosen for several reasons. From a biomaterials perspective, the N-cadherin extracellular epitope had already been incorporated into HA gels and shown to be bioactive for cartilage tissue engineering, so it was straightforward to incorporate this epitope into GelMA. Moreover, tethering of an N-cadherin peptide to a solid support had previously been shown to improve neuronal survival and neurite outgrowth of stem cell-derived neurons in 2D cultures [30, [45] [46] [47] , suggesting relevance for our work in 3D scaffolds. From a biochemical perspective, N-cadherin expression is important for outgrowth of neurites on astrocyte monolayers [48] , and given that hPSC-derived neurons are typically cultured on 2D monolayers of astrocytes to facilitate electrophysiological maturation, we suspected that GelMA-Cad could partially replace the synaptogenic role of astrocyte co-culture. Cadherins also regulate dendritic spine morphology [49] and Ncadherin-mediated interactions are specifically required for maintenance of dendrites [50] , which is particularly interesting because we observed an especially pronounced increase in the expression of postsynaptic terminal markers on neurons in GelMA-Cad relative to Matrigel.
It is also possible that the gelatin backbone of GelMA-Cad augments neuron health and survival.
Gelatin-based hydrogels can be neuroprotective and promote neurite outgrowth through integrin activation and integrin-dependent MAPK signaling [50] . Gelatin also improves in vivo outcomes in dissected nerve regeneration, particularly through increased axonal migration [51] [52] [53] . Recent work has further shown that GelMA alone can support dissociated primary mouse neurons to create a synaptically connected neural network on the micron scale [54] . This finding contrasts somewhat with our observations of neuron death in GelMA and GelMA-Scram. However, beyond the obvious species differences, we note that this prior study utilized neurons that had already matured in vivo. Thus, the primary neurons may have been competent enough to form neural networks in GelMA because they already expressed the requisite synaptic machinery, rather than requiring de novo expression of this machinery in hPSC-derived neurons developing from a more embryonic-like state.
Overall, our work provides an exciting scaffolding material for future efforts devoted to assembling complex neurovascular tissue structures. If N-cadherin signaling is a general mechanism for synaptic integration, we speculate that multiple iPSC-derived neuronal cell types could be patterned into complex architectures that would be subsequently directed by the ECM to form relevant neural circuitry.
The inclusion of iPSC-derived astrocytes and microglia could further be used to study synaptic pruning and remodeling under healthy and diseased conditions. Then, given the mechanical integrity of GelMA-Cad hydrogels, various micropatterning approaches could be used to generate perfusable channels seeded with endothelial and mural cells, ultimately resulting in functional vasculature throughout the human neural networks. The bioactivity of GelMA-Cad, coupled to its relative low cost and ease of synthesis, should make it attractive for the aforementioned applications, as well as other situations throughout bioengineering and neuroscience. EGFP was then imaged at day 7 and day 21. Calcein (red) was added at day 21 to verify cell viability as highlighted by the insets. The images from these experiments are representative of 6 biological replicates that confirmed the transmission of EGFP in GelMA-Cad but not Matrigel. 
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